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    Abstract—We investigate the performance of a dual-hop inter-
vehicular communications system with relay selection strategy. 
We assume a generalized fading channel model, known as 
cascaded Rayleigh (also called 𝑛*Rayleigh), which involves the 
product of 𝑛 independent Rayleigh random variables. This 
channel model provides a realistic description of inter-vehicular 
communications, in contrast to the conventional Rayleigh fading 
assumption, which is more suitable for cellular networks. Unlike 
existing works, which mainly consider double-Rayleigh fading 
channels (i.e, 𝑛 = 2); our system model considers the general 
cascading order 𝑛, for which we derive an approximate analytic 
solution for the outage probability under the considered scenario. 
Also, in this study we propose a machine learning-based power 
allocation scheme to improve the link reliability in intervehicular 
communications. The analytical and simulation results show that 
both decode-and-forward and amplify-and-forward relaying 
schemes have the same diversity order (𝑑 = 𝑚𝑁/𝑛) in the high 
signal-to-noise ratio regime. In addition, our results indicate that 
machine learning algorithms can play a central role in selecting 
the best relay and allocation of transmission power.   
   Index Terms—𝒏*Rayleigh distributions, machine learning, 
cooperative communications, relay selection, and inter-vehicular 
networks.   
I. INTRODUCTION   
 he realization of inter-vehicular communications (IVC) is 
very challenging in practice and existing solutions, for 
example, from cellular and ad-hoc networks may not be 
applicable, which is mainly due to the dynamic nature of 
wireless links and the involved mobility patterns. In general, 
mobile-to-mobile (M2M) fading channels often exhibit greater 
dynamics and more severe fading than fixed-to-mobile (F2M) 
cellular radio channels, which are mostly limited to the 
classical Rayleigh or Nakagami-𝑚 distribution (i.e., 𝑛 = 1), 
where the stationary base station has high elevation antennas 
and is relatively free from local scatterers [1]. Therefore, it is 
important to utilize a realistic channel model that characterizes 
the statistical properties of M2M channels such as 𝑛*Rayleigh 
distribution [2]. In IVC, both transmitter and receiver are in 
motion, and typically have the same antenna height, resulting 
in two or more small-scale fading processes generated by 
independent groups of local scatterers around the two mobile 
terminals [3] (see for example Fig.1, where multiple scattering 
is taken place between the transmitter and receiver, and all  
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                                     (b) 𝑛*Rayleigh fading channels 
 
Fig.1. Multiple-scattering model for M2M channels (where several factors can 
contribute to generate 𝑛*Rayleigh fading channels between two vehicles, e.g., 
when i) 𝑑 ≫ 𝑟, ii) there are 𝑛 AF relays between the transmitter and receiver 
(i.e., 𝑛 + 2 local groups of scatterers), or iii) NLOS propagation paths exist).    
 
propagation paths travel through the same narrow pipe called 
keyhole channels). Such stochastic processes are widely  
encountered in dense urban and forest environments where 
local scattering objects such as buildings, street corners, road  
signs, tunnels, hallways, bridges, trees and mountains, obstruct 
a direct radio wave path between two vehicles leading to non-
line-of-sight (NLOS) propagation paths [4]. Depending on the 
type of an obstructing surface, the transmitted radio signal 
may undergo reflection, diffraction, or scattering, resulting in 
fast or slow fading, which in turn leads to deterioration of link 
reliability (e.g., high outage probability and low data rate), an 
increase in the number of connection drops, and a decrease in 
battery life.  
   However, there are other forms for the keyholes in a realistic 
environment that arise in multi-hop amplify-and-forward (AF) 
relay networks [5, 6]. The AF relaying system basically works 
as a keyhole when it amplifies the received signal; in a sense 
that the amplitude of the received signal is a product of 𝑛 
Rayleigh random variables (e.g., the double-Rayleigh signal 
amplitude in F2M scenarios [7]). A similar behaviour can also 
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be found when two rings of local scatterers around a 
transmitter and a receiver are separated by a large distance and 
the radio wave passes through the keyhole channels [8]. The 
𝑛*Rayleigh channel model is classified as a multi-scattering 
channel model, in which the “keyhole1” contributions are 
summed together to give a generalization of a single scattering 
(Rayleigh) model [3].  
   Related Work—In [9] and [10], M2M channel statistics were 
discussed, such as the probability density function (PDF) and 
the cumulative distribution function (CDF) of the product of 𝑛 
Rayleigh random variables. In [11], experimental results in 
different communication environments have shown that if 
several small-scale fading processes are multiplied together, 
the worse-than Rayleigh fading model is generated. In [12], 
multiple-input multiple-output (MIMO) antenna systems were 
investigated through 𝑛*Rayleigh fading channels. The study 
concluded that when the distance separation between the 
transmitter and the receiver is much greater than the ring radii 
around the two terminals, a double- Rayleigh model (𝑛 = 2) 
is considered instead of a single-Rayleigh model. For M2M 
channel modelling, [13] characterized M2M channels in the 5-
GHz band through measurement-calibrated ray-tracing models 
(e.g., the path loss, shadow fading, and delay spread of the 
channel) and showed agreement with measured results in the 
literature for all these channel characteristics. The ray-tracing 
approach is generally computationally intensive and sacrifices 
accuracy if computational complexity is reduced [14]. In [15], 
channel statistics, such as the time-variant space correlation 
functions, and corresponding Doppler power spectral density, 
were studied for three-dimensional non-stationary geometric 
models for M2M communications. The study showed that the 
analytic results are consistent with measured data. Although 
the geometric models can be used to accurately simulate the 
M2M scattering channels, they are very complex and require 
numerous parameter selections for the specific environment of 
interest [16]. Another recent study has been implemented in 
MIMO systems and antenna selection via 𝑛*Rayleigh fading 
channels [17], where the IVC systems achieve good cost-
performance trade-off when the number of RF chains (e.g., 
digital-to-analog and analog-to-digital converters) is limited. 
[18] presented an information-theoretic analysis of a point-to-
point MIMO link affected by Rayleigh fading and multiple 
scattering, under perfect channel state information (CSI) at the 
receiver. The study analysed the sum-rate performance when 
the zero-forcing and mean-squared error receivers are adopted 
and suggested that the linear receivers are not well-suited for 
multi-fold scattering. Several studies have reported that 
cooperative communications through multiple Rayleigh fading 
channels can improve the link reliability when traffic density 
is high [6, 19].  
   Relay selection has been studied extensively in the literature, 
see, e.g., [20–22] and the references therein. However, current 
results are limited to Rayleigh fading channel assumption 
(i.e., 𝑛 = 1). A few studies have discussed cooperative 
communications with the relay selection strategy via double 
Rayleigh fading channels (i.e., 𝑛 = 2); see, e.g., [23] and [24],  
 
  1 Here we define the keyhole as a multiplier between two fading processes, 
resulting in a received signal amplitude that is a product of n Rayleigh random 
variables [5], e.g., double-Rayleigh fading [8]. 
 
Fig.2. Dual-hop cooperative IVC network in dense and high traffic scenarios, 
where the best relay is selected based on the channel propagation conditions 
(i.e., 𝑛*Rayleigh fading channels) over the source-relay-destination links.  
 
where the maximum achievable diversity order is equivalent 
to the number of relays. In order to understand the full 
potential of cooperative diversity in IVC, an in-depth analysis 
of the system performance under a realistic channel model is 
required. To this end, we investigate the IVC systems with 
several relay selection strategies, such as the selective decode-
and-forward (S-DF) and amplify-and-forward (S-AF) relaying 
with the 𝑛*Rayleigh distribution, which to the best of our 
knowledge, have not been studied before. Therefore, it is the 
aim of this work to fill this research gap. Specifically, our 
main contributions through this work can be summarized as 
follows: 
• We introduce new approximate analytical expressions 
but accurate for the outage probability for both S-AF 
and S-DF relaying schemes over cascaded Rayleigh 
fading channels. 
• We propose a machine learning-based power allocation 
scheme to optimize the transmit power between the 
source and the selected relay.  
• We demonstrate that the S-DF and S-AF relay schemes 
have the same maximum diversity order (𝑑 = 𝑚𝑁/𝑛) 
in the high signal-to-noise ratio (SNR) regime, which 
degrades by increasing the cascading order (𝑛) and 
improves by increasing the number of relays 𝑁. 
II. SYSTEM AND CHANNEL MODEL 
  Consider a dual-hop cooperative IVC network with multiple 
relays (as shown in Fig.2), where a source (𝑠), relays  𝑟𝑖  (𝑖 =
1, . . . ,𝑁) and a destination (𝑑) are equipped with a single pair 
of transmit and receive antennas, and operate in half-duplex 
mode. For each time instant, only one vehicle acts as a 
source, while the other vehicles serve as relays that help 
forward the source’s message to the destination. To simplify 
notation, in the sequel we use the subscript ‘1’ to represent 
the source-relay link and the subscript ‘2’ to represent the 
relay-destination link. Here, all underlying channels between 
𝑠 → 𝑟𝑖 and 𝑟𝑖 → 𝑑 links are modeled by a product of 𝑛 
independent complex Gaussian random variables, each of 
which is defined by ℎ𝑖1 ≜ ∏ ℎ𝑖1,𝑘
𝑛𝑖1
𝑘=1  and ℎ𝑖2 ≜ ∏ ℎ𝑖2,𝑘
𝑛𝑖2
𝑘=1 .  
Hence, |ℎ𝑖1| and  |ℎ𝑖2|  follow an 𝑛*Rayleigh distribution. In 
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this system model, we assume that all underlying channels are 
quasi-static (i.e., slow fading) which can be justified for IVC 
scenarios in rush-hour traffic (e.g., urban environments where 
the average speed is low). We further assume that the additive 
white Gaussian noise (AWGN) at the relays and destination 
have zero mean and variance (𝑁𝑜). The instantaneous SNRs 
of the links 𝑠 → 𝑟𝑖 and 𝑟𝑖 → 𝑑 are given, respectively, by 𝛾𝑖1 =
|ℎ𝑖1|
2 𝑃 𝑁𝑜 ⁄ and 𝛾𝑖2 = |ℎ𝑖2|
2 𝑃 𝑁𝑜⁄ , where 𝑃 is the radio transmit 
power of the source signal, which we shall initially assume to 
be equal to that transmitted from the selected relay. The PDF 
of instantaneous SNRs is given by [5] 
 
    𝑓𝛾𝑖𝑗(𝛾) =
1
𝛾
𝐺
0,𝑛𝑖𝑗
𝑛𝑖𝑗,0 (
𝛾
 ?̅?𝑖𝑗
|
−        
 1, … , 1)  ,     𝑗 = 1,2                  (1)  
where 𝐺𝑝,𝑞
𝑚,𝑛(∙) is the Meijer-G function which is defined in [25, 
eq. (9.301)],  ?̅?𝑖𝑗 = λ𝑖𝑗𝑃 𝑁𝑜⁄  and λ𝑖𝑗 = 𝐄(|ℎ𝑖𝑗|
2
).  
A) S-DF Relaying  
  In relay selection, two orthogonal time slots are utilized to 
perform the cooperative transmission. For example, in the S-
DF relaying scheme, in the first time slot, the source transmits 
a message 𝑥𝑠   (where the source symbol is generated from a 
unit-energy complex constellation, such as phase-shift keying 
(PSK) and quadrature amplitude modulation (QAM) schemes) 
to a set of relay nodes and the destination. In this stage, the S-
DF relaying policy is applied to choose the most reliable path 
over 𝑠 → 𝑟𝑖 → 𝑑 links. We define the decoding set (𝒟) as the 
set of relays that decode the source symbol successfully; that 
occurs when the channel quality between the source and relay 
node is sufficiently good. Here, we assume that each relay can 
determine whether the source message is decoded correctly or 
not through a cyclic redundancy check (CRC). In the second 
time slot, only one relay from the decoding set, having the best 
link quality with the destination, will forward the estimate of 
the source symbol, denoted by 𝑥𝑟. Thus, the signal received by 
the relay node from the source is 𝑦𝑖1 = ℎ𝑖1√𝑃𝑥𝑠 + 𝑤𝑖 , and that 
received by the destination node from the selected relay 
is  𝑦2 = ℎ𝑖2√𝑃𝑥𝑟 +𝑤2, where 𝑤𝑖 and 𝑤2 are the AWGN at the 
relay and destination nodes respectively. 
    For purpose of analysis, we generate a set of 𝑁 independent 
variates, each with CDF 𝐹𝛾(𝛾). Let the corresponding order 
statistics be denoted as 𝛾𝑁 ≥ ⋯𝛾𝑖 ≥ ⋯ ≥ 𝛾1 , where the relay 
selection process depends on the i-th order statistics 𝛾(𝑖) in 
samples of size 𝑁. Such a technique is useful in case that the 
best relay is connected by another source node or the SNR 
over 𝑟𝑖 → 𝑑 link suddenly deteriorates due to the impact of 
𝑛*Rayleigh channels. In this case, the underlying protocol has 
to choose another relay instead to implement the transmission 
process. However, for any selected relay, the CDF of the i-th 
order statistics 𝛾(𝑖) is given by [26] 
 
  𝐹(𝑖)(𝛾) = Pr(𝛾(𝑖) ≤ 𝛾)    
=∑
1
𝑘! (𝑁 − 𝑘)!
per
(
 
 𝐹1(𝛾)  
⋮
𝐹𝑁(𝛾)⏟  
   
𝑘
1 − 𝐹1(𝛾)
⋮
1 − 𝐹𝑁(𝛾)⏟      
𝑁−𝑘 )
 
 
                    (2)
𝑁
𝑘=𝑖
 
where per(𝐴) denotes the permanent of the 𝑁 ×𝑁 matrix 𝐴, 
which is defined in [26]. The matrix 𝐴 is obtained by taking 𝑘 
copies of the vector 𝑎1, and 𝑁 − 𝑘 copies of the vector 𝑎2, 
where 𝑎1 and 𝑎2 are the column vectors of 𝐴. In order to 
derive the CDF of the received SNR at the destination via the 
𝑠 → 𝑟𝑖 → 𝑑 link, 𝐹𝛾𝑖(𝛾), we invoke the technique described in 
[27], thus, the conditional PDF of the received SNR indicating 
that 𝑟𝑖  is idle when the instantaneous SNR of 𝑠 → 𝑟𝑖 link is 
below a threshold value (𝛾𝑜 = 2
2𝑅 − 1, where 𝑅 is the target 
rate); is expressed as 𝑓𝛾𝑖|𝑟𝑖  𝑖𝑠 𝑜𝑓𝑓(𝛾) = 𝛿(𝛾), where 𝛿(𝛾) is the 
Dirac delta function. Hence, the probability that the i-th relay 
will not be in the decoding set 𝒟 can be found as Pr(𝛾𝑖1 ≤
𝛾𝑜) = 𝐹𝛾𝑖1(𝛾𝑜). On the other hand, the probability that i-th relay 
is in the decoding set is (1 − Pr(𝛾𝑖1 ≤ 𝛾𝑜)),  and the conditional 
PDF given 𝑟𝑖  is active is 𝑓𝛾𝑖|𝑟𝑖  𝑖𝑠 𝑜𝑛(𝛾) = 𝑓𝛾𝑖2(𝛾). Therefore, the 
CDF of the instantaneous end-to-end SNR via the i-th link is 
expressed as 
 
𝐹𝛾𝑖(𝛾) = 𝐹𝛾𝑖1(𝛾𝑜) + [1− 𝐹𝛾𝑖1(𝛾𝑜)]𝐹𝛾𝑖2(𝛾)                       (3) 
By replacing (3) in (2), we can calculate the CDF of the i-th 
order statistics 𝛾(𝑖). It is worth mentioning that (3) is complex 
due to the existence of Meijer G-function which requires high 
computational complexity; therefore, we adopt an approximate  
solution for the PDF in (1) to be expressed as [10] 
 
𝑓𝛾𝑖𝑗(𝛾) =
𝛽
𝑖𝑗
𝑚𝑖𝑗
𝑛𝑖𝑗Γ(𝑚𝑖𝑗)
𝛾𝛼𝑖𝑗−1𝑒−𝛽𝑖𝑗𝛾
1 𝑛𝑖𝑗⁄
                          (4) 
where 𝛼𝑖𝑗 = 𝑚𝑖𝑗/𝑛𝑖𝑗, 𝛽𝑖𝑗 = 𝑚𝑖𝑗/Ω𝑖𝑗𝛾𝑖𝑗
1/𝑛𝑖𝑗, and 𝑛*Rayleigh fading 
severity parameters are set as  𝑚𝑖𝑗 = 0.6102𝑛𝑖𝑗 + 0.4263 and  Ω𝑖𝑗 =
0.8808𝑛𝑖𝑗
−0.9661 + 1.12. Now based on (4), we will be able to 
analyze the performance of the underlying schemes; especially 
in terms of the diversity order and power control as we see in 
the following sections. In order to obtain the PDF for the SNR 
in (4), we used the change of variable 𝑓𝛾(𝛾) = 𝑓ℎ(√2𝑛𝜎2 𝛾 ?̅?⁄ )/
2√𝛾?̅? 2𝑛𝜎2⁄ , given in [28] with replacing the factor 2𝜎2 by 
2𝑛𝜎2, where 𝜎2 = ∏ 𝜎𝑘
2𝑛
𝑘=1  is the standard deviation of the 
original complex Gaussian signal prior to envelop detection. 
Using the facts given in [25, eq. (3.381.1) and eq. (8.356.3)], 
the approximate CDF for (4) is found as 
  
    𝐹𝛾𝑖𝑗(𝛾) = 1 −
Γ(𝑚𝑖𝑗 , 𝛽𝑖𝑗𝛾
1
𝑛𝑖𝑗)
Γ(𝑚𝑖𝑗)
                                   (5) 
where Γ(𝛼, 𝑥) = ∫ 𝑒−𝑡𝑡𝛼−1 𝑑𝑡 
∞
𝑥
 represents the upper incomplete 
gamma function [25]. Similarly, using (5), (3), and (2), the 
CDF of 𝛾(𝑖) is obtained. In addition, we can derive a closed-
form expression for the CDF of the largest of 𝑁 random 
variables (𝛾(𝑁)) distributed according to (4), to be expressed as 
Pr (𝛾(𝑁) ≤ 𝛾) = ∏ [𝐹𝛾𝑖(𝛾)]
𝑁
𝑖=1 , which is also obtained by using 
(3) and (5), as 
   
𝐹𝛾(𝑁)(𝛾) =∏[1 −
Γ(𝑚𝑖1 , 𝛽𝑖1𝛾𝑜
1
𝑛𝑖1)Γ(𝑚𝑖2 , 𝛽𝑖2𝛾
1
𝑛𝑖2)
Γ(𝑚𝑖1)Γ(𝑚𝑖2)
]              (6)
𝑁
𝑖=1
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Fig.3. Outage performance of the S-DF relaying scheme over 𝑛*Rayleigh 
fading channels (𝑁 = 5). 
B) S-AF Relaying  
  For the S-AF relaying scheme, particularly, in the second 
time slot, only the selected relay with the maximum effective 
SNR is chosen to forward the amplified received signal  𝑥𝑟 to 
the destination with a channel gain  𝐺 = √1 (𝑃|ℎ𝑖1|2+ 𝑁𝑜)⁄ . In 
this case, the signal received by the destination is expressed 
as  𝑦2 = ℎ𝑖2√𝑃𝑥𝑟 +𝑤2, where  𝑥𝑟 = 𝐺𝑦𝑖1. Thus, the effective 
end-to-end SNR for the selected relay, can be upper-bounded 
as [29] 
                        𝛾(𝐻,𝑁) ≤ max
𝑖
 
𝛾
𝑖1
1
𝑛𝑖1𝛾
𝑖2
1
𝑛𝑖2
𝛾
𝑖1
1/𝑛𝑖1 + 𝛾
𝑖2
1/𝑛𝑖2
                                  (7) 
where 𝑛𝑖1 = 𝑛𝑖2 = 𝑛𝑖. Since the AF relaying schemes consider 
the end-to-end SNR for each relay (𝛾𝑖) compared to the DF 
relaying, we can presume that both links of 𝑠 → 𝑟𝑖 and 𝑟𝑖 → 𝑑 
have the same cascading order 𝑛 to simplify the analysis. 
Having said that, we are interested in knowing the total value 
of 𝑛 generated between the source and the destination.  
Using the definition of the harmonic mean of two random 
variables [30], given as  𝜇𝐻(𝑋1 , 𝑋2) = 2𝑋1𝑋2/(𝑋1 +𝑋2), (7) can  
be rewritten as 𝛾(𝐻,𝑁) = max
𝑖
 {𝛾𝐻,𝑖}, where 𝛾𝐻,𝑖 = 𝜇𝐻(𝛾𝑖1
1/𝑛𝑖 , 𝛾𝑖2
1/𝑛𝑖)/
2. However, it is worthwhile to note that the derivation of the 
outage probability for the S-AF scheme which is based on (1) 
and (7) does not lend itself to a closed-form solution. Hence, 
to simplify the analysis, we use the approximate PDF given in 
(4).   
III. DERIVATION OF PDF AND CDF FOR THE HARMONIC SNR 
In order to find the PDF and CDF of the harmonic SNR_ 𝛾
𝐻,𝑖
=
𝛾
𝑖1
1/𝑛𝑖𝛾
𝑖2
1/𝑛𝑖 (𝛾
𝑖1
1/𝑛𝑖 + 𝛾
𝑖2
1/𝑛𝑖)⁄  when the average links SNR (𝛾𝑖1 , 𝛾𝑖2) are 
i.i.d random variables, we introduce the following proposition: 
   Proposition: Suppose 𝑌1 and 𝑌2 are two i.i.d. gamma random 
variables, defined as 𝑌1 = 𝑋1
1
𝑛 and 𝑌2 = 𝑋2
1
𝑛 (where the RV 
𝑋𝑗 = 𝛾𝑗 has an 𝑛*Rayleigh distribution,  𝑗 = 1, 2  and 𝑛 ∈ ℕ
+) 
with parameters 𝑛𝛼 > 0 and 𝛽 > 0 (i.e., 𝑌𝑗~𝒢(𝑛𝛼, 𝛽)), the 
PDF and CDF of the harmonic mean of the two gamma RVs, 
𝑌 = 𝜇𝐻(𝑌1 , 𝑌2), can be expressed as  
 
 
Fig.4. Effective diversity order for the S-DF relying scheme over Rayleigh 
and 𝑛*Rayleigh fading channels. 
 
𝑓𝑌(𝑦) =
√𝜋𝛽  
22(𝑛𝛼−1)Γ2(𝑛𝛼)
𝐺1,2
2,0(2𝛽𝑦 |
𝑛𝛼 −
1
2
                        
 𝑛𝛼 − 1,2𝑛𝛼 − 1,−1 
)    (8) 
and 
𝐹𝑌(𝑦) =
√𝜋𝛽  𝑦 
22(𝑛𝛼−1)Γ2(𝑛𝛼)
𝐺2,3
2,1(2𝛽𝑦 |
 0, 𝑛𝛼 −
1
2
                        
𝑛𝛼 − 1, 2𝑛𝛼 − 1,−1 
) (9) 
   
respectively.   
    Proof: Since the approximate PDF of the 𝑛*Raleigh random 
variable, 𝑋𝑗 , is given by (4),  𝑓𝑋𝑗(𝑥) =
𝛽𝑚
𝑛Γ(𝑚)
𝑥𝛼−1𝑒−𝛽𝑥
1
𝑛, the PDF 
of the RV 𝑌𝑗 = 𝑋𝑗
1
𝑛 can be found with the help of [31, Sec.5.2], 
as  𝑓𝑌𝑗(𝑦) =
𝛽𝑛𝛼
Γ(𝑛𝛼)
𝑦𝑛𝛼−1𝑒−𝛽𝑦, hence, the RV 𝑌𝑗  follows a gamma 
distribution with parameters (𝑛𝛼,𝛽). In order to calculate the 
PDF of the harmonic mean of 𝑌1 and 𝑌2, 𝑌 = 2𝑌1𝑌2 𝑌1 + 𝑌2⁄ , we 
define the following two RVs as  
 
                                            𝑈 =  2𝑌1𝑌2  
𝑉 = 𝑌1 + 𝑌2                                          (10) 
Now, taking the Jacobian transformation of (11), with the help 
of [32, eq.(07.34.21.0085.01) and eq.(07.34.21.0084.01)], (8) 
and (9) can be proved.  
   Using the fact that 𝐺1,2
2,0 (𝑧 |
𝑎 
𝑏, 𝑐 ) = 𝑧
𝑏𝑒−𝑧𝑈(𝑎 − 𝑐, 𝑏 − 𝑐 + 1, 𝑧) 
[25] (where 𝑈(∙,∙; ∙)  is the confluent hypergeometric function  
defined in [33, eq.(13.2.5)]), (8) can be written as   
 
 𝑓𝑌(𝑦) =
√𝜋𝛽𝑛𝛼
Γ2(𝑛𝛼)
(
𝑦
2
)
𝑛𝛼−1
𝑒−2𝛽𝑦𝑈(
1
2
− 𝑛𝛼, 1 − 𝑛𝛼; 2𝛽𝑦)      (11) 
 
Also, with the help of the fact that [25, eq.(7.621.6)], 
 
 ∫ 𝑡𝑏−1𝑈(𝑎, 𝑐; 𝑡) 𝑒−𝑠𝑡𝑑𝑡
∞
0
=
Γ(𝑏)Γ(𝑏 − 𝑐 + 1)
Γ(𝑎 + 𝑏 − 𝑐 + 1)
𝑠−𝑏 
× 𝐹1(𝑎, 𝑏; 𝑎 + 𝑏 − 𝑐 + 1;1 − 𝑠
−1)                   2 (12) 
where 𝐹1(. , . ; . ; . ) 2  is Gauss hypergeometric function defined  
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Fig.5. Comparison of outage probability of the S-AF and the S-DF relaying 
schemes over 𝑛*Rayleigh fading channels (𝑁 = 3). 
 
in [33, eq.(15.1.1)], the n-th moment of 𝑌 can be evaluated as 
 
    𝐄(𝑌𝑛) =
√𝜋 𝛽𝑛𝛼−1  Γ(𝑛𝛼 + 𝑛)Γ(2𝑛𝛼 + 𝑛)
2𝑛𝛼  Γ2(𝑛𝛼)Γ(𝑛𝛼 + 𝑛 + 1
2
)
                  (13) 
Notice that the Gauss hypergeometric function of (12) is equal 
to 1 when the last argument is equal to zero. Let’s now use the 
transformation of variables of 𝑓𝑍(𝑧) = 2𝑓𝑌(2𝑧) and 𝐹𝑍(𝑧) =
𝐹𝑌(2𝑧), where the RV 𝑍 = 𝑌 2⁄ , i.e., 𝑍 = 𝛾
1/𝑛. Since the CDF 
of the instantaneous end-to-end SNR through the i-th path, 𝛾𝑖, 
is a continuous monotonically increasing function, from (9) 
and (11), with 𝛼 = 𝑚 𝑛⁄ , and  𝛽 = 2𝑚 (⁄ Ω?̅?1/𝑛), the PDF and 
the CDF of the i-th instantaneous SNR 𝛾𝑖  can be found with 
the help of [31, Sec. 5.1, Sec. 5.2], as 
 
𝑓 𝛾𝑖(𝛾) =
2√𝜋𝛽𝑖
𝑚𝑖
𝑛𝑖Γ2(𝑚𝑖)
𝛾
𝑚𝑖
𝑛𝑖
−1
𝑒−4𝛽𝑖𝛾
1
𝑛𝑖𝑈(
1
2
−𝑚𝑖 , 1 −𝑚𝑖 , 4𝛽𝑖𝛾
1
𝑛𝑖)(14) 
    
and 
𝐹 𝛾𝑖(𝛾) =
√𝜋𝛽𝑖𝛾
1
𝑛𝑖 
22𝑚𝑖−3Γ2(𝑚𝑖)
𝐺2,3
2,1(4𝛽𝑖𝛾
1
𝑛𝑖 |
0,𝑚𝑖 −
1
2
                   
 𝑚𝑖 − 1,2𝑚𝑖 − 1,−1
)(15) 
Using (13) with the fact that Γ(2𝛼) = 22𝛼−
1
2Γ(𝛼)Γ(𝛼 + 1
2
) [32, 
eq. (6.1.18)], and [31, Sec.5.3], we obtain the approximate 
average SNR ?̅?𝑖 as 
 
?̅?𝑖 =
22𝑚𝑖−1(𝑚𝑖 Ω𝑖⁄ )
𝑚𝑖−1(𝑚𝑖)𝑛𝑖(2𝑚𝑖)𝑛𝑖
(𝑚𝑖 +
1
2
)
𝑛𝑖
 ?̅?
1−𝑚𝑖
𝑛𝑖               (16) 
where (𝑥)𝑛 = Γ(𝑥 + 𝑛) Γ(𝑥).⁄  Replacing (15) in (2), we can 
calculate the CDF lower-bound of the i-th order statistics 𝛾(𝑖). 
As a special case of the general result for (2), the CDF of the 
largest order statistics of a random sample is also determined 
as 𝐹𝛾(𝑁)(𝛾) = ∏ [𝛾𝑖]
𝑁
𝑖=1 . 
IV. PERFORMANCE ANALYSIS  
1. Outage Probability  
 The outage probability of channel is defined as the probability 
that the received SNR (𝛾(𝑖)) at the destination falls below a 
predetermined threshold value, namely 𝑃𝑜𝑢𝑡 = Pr((𝛾(𝑖))  ≤ 𝛾𝑜).  
 
A)  S-DF Relaying 
  The outage probability 𝑃𝑜𝑢𝑡 ≜ 𝐹(𝑖)(𝛾𝑜) for the S-DF relaying 
scheme is expressed as (2). On the other hand, the outage 
probability can be defined as the probability that the maximum 
SNR, 𝛾(𝑁), at the destination node falls below the threshold 
value, as (6) 
                   𝑃𝑜𝑢𝑡 = 𝐹𝛾(𝑁)(𝛾𝑜)                                 (17) 
Fig.3 shows 𝑃𝑜𝑢𝑡 for the S-DF relaying scheme over cascaded 
Rayleigh fading channels (𝑛 = 2, 3, 4, 5) at a fixed number of 
relays (e.g. ,𝑁 = 5). From Fig.3, there is an excellent match 
between the approximate and exact results (e.g., based on (4) 
and (1)). So, if the double Rayleigh acts as a reference point, 
we observe that the outage probability degrades for larger 
cascading order 𝑛. Specifically, at  𝑃𝑜𝑢𝑡 = 10
−3, a performance 
loss of 5.6, 10.6, 15 dB is observed for 𝑛 =  3, 4, and 5, 
respectively. Based on these observations, it is important to 
take into account the dynamic range of measurement devices 
for detecting symbols over such severe fading channels. For  
instance, when the outage probability based on (6) is assumed 
at 𝑃𝑜𝑢𝑡 = 10
−3, the required minimum SNR (𝑃 𝑁𝑜⁄ ) levels for 
receiving an undistorted signal are 22.6, 28.2, 33.2, and 37.6 
dB for 𝑛 = 2, 3, 4, and 5, respectively. A radio receiver with 
limited dynamic range will lead to amplitude distortion.  
    Asymptotic Analysis: In order to gain further insight into the 
performance over 𝑛*Rayleigh fading channels, we present an 
asymptotic analysis for 𝑃𝑜𝑢𝑡 over i.i.d random variables (i.e., 
𝐹𝛾𝑖1(𝛾𝑜) = 𝐹𝛾𝑖2(𝛾𝑜)), which provides the maximum achievable 
diversity order (𝑑) of the underlying scheme. By (3) we have 
𝐹𝛾𝑖(𝛾𝑜) ≤ 2𝐹𝛾𝑖2(𝛾𝑜), and (17) is upper-bounded by 
                                                                                                             
𝑃𝑜𝑢𝑡 ≤ (2
γ(𝑚, 𝛽𝛾𝑜
1
𝑛)
Γ(𝑚)
)
𝑁
                                  (18) 
where γ(. , . ) is the lower incomplete gamma function defined 
in [25]. Then, at high SNR (i.e., ?̅? → ∞), with the help of the 
facts: γ(𝛼, 𝑥) =
𝑥𝛼
𝛼
𝑀(𝛼, 𝛼 + 1,−𝑥) and 𝑀(𝑎, 𝑏, 𝑥) = 1 as |𝑥| →
0, given by [33], where 𝑀(. , . , . ) is the Kummer’s confluent 
hypergeometric function, (18) can be written as  
 
𝑃𝑜𝑢𝑡 ≤ (
2𝑚+1(𝑚/Ω)𝑚
𝑚 𝜆𝑚/𝑛Γ(𝑚)
)
𝑁
(
𝛾𝑜
SNR
)
𝑚𝑁
𝑛
+ 𝒪((
𝛾𝑜
SNR
)
𝑚𝑁
𝑛
+1
)       (19) 
From (19), we can deduce that the maximum diversity order 
for the S-DF scheme over 𝑛*Rayleigh fading channels is 
𝑑 = 𝑚𝑁 𝑛⁄ . This is because diversity order is defined as the 
slope of the 𝑃𝑜𝑢𝑡  curve as a function of the average SNR in 
log-log scale, i.e., [34] 
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𝑑 = lim
SNR→∞
(− log 𝑃𝑜𝑢𝑡/ logSNR) =
𝑚𝑁
𝑛
                    (20) 
As we note, the result in (20) is novel and generalizes known 
results on the diversity order of these relaying schemes on 
Rayleigh fading channels to the cascaded Rayleigh fading 
scenario. Our analytical results show that the full diversity 
order (𝑑 ≈ 𝑁) can be obtained for classical Rayleigh fading 
channels (where the selected relay is fixed). In addition, the 
diversity order is inversely proportional to the cascading order 
𝑛 and improves as 𝑁 increases. Fig.4. depicts the diversity 
order over Rayleigh and cascaded Rayleigh fading channels, 
assuming 𝑁 = 2 and 4. As can be observed, the full diversity 
order for the Rayleigh fading channel approaches 𝑁 as SNR 
tends to infinity, while the diversity order for the cascaded 
Rayleigh fading channels decreases linearly with increasing 𝑛 
to reach an asymptotic value equivalent to  𝑚𝑁 𝑛⁄ , confirming 
our analytical results. Furthermore, it is noticed that the 
increase in the number of relays leads to improved system 
performance for both Rayleigh and cascaded Rayleigh fading 
channels, in which the diversity order can be maximized, 
resulting in lower outage probability. Therefore, cooperative 
diversity systems can allow accurate symbol detection even 
using measurement devices with a low dynamic range. 
From (19), we can also deduce that the effective coding gain 
(CG) is given by 
CG = (
2𝑚+1(𝑚/Ω)𝑚
𝑚 𝜆𝑚/𝑛Γ(𝑚)
)
−
𝑛
𝑚
                                (21) 
Note that the coding gain in (21) depends only on the fading 
severity parameters and channel variance which are assumed 
to be fixed during the entire transmission time, regardless the 
number of relays 𝑁. 
 
B)  S-AF Relaying 
   In case of the S-AF relaying scheme, the approximate outage 
probability based on (15) is  
𝑃𝑜𝑢𝑡 =∏𝐹𝛾𝑖(𝛾𝑜)
𝑁
𝑖=1
                                     (22) 
In addition, at high SNR levels, we can apply (14) instead of 
(15) to simplify the analysis of the maximum diversity order 
achievable over 𝑛*Rayleigh fading channels, using the facts 
that [33, eq.(13.5.12)] 
 
         𝑈(𝑎, 𝑏, 𝑥) =
Γ(1− 𝑏)
Γ(1 + 𝑎 − 𝑏)
+ 𝒪(|𝑥|), |𝑥|  → 0   
and ∫ 𝑥𝑣−1 exp(−𝜇𝑥)𝑑𝑥
𝑢
0
= 𝜇−𝑣γ(𝑣, 𝜇𝑢)   [25, eq.(3.381.1)], this 
leads us to rewrite 𝑃𝑜𝑢𝑡 (where the random variables are i.i.d) 
in an asymptotic form as 
 
𝑃𝑜𝑢𝑡 = [
1
22𝑚−1
(
γ(𝑚,4𝛽𝛾𝑜
1
𝑛)
Γ(𝑚)
)]
𝑁
                            (23) 
Also, eq.(23) can have another asymptotic expansion based on 
the facts [33, eq. (6.5.12) and (13.5.5)], as  
 
Fig.6. Effect of the PA and EPA modes on the outage performance of the S-
DF relaying scheme over Rayleigh and 𝑛*Rayleigh fading channels.  
 
𝑃𝑜𝑢𝑡 = (
25𝑚−1(𝑚 Ω⁄ )𝑚
𝑚 𝜆𝑚/𝑛Γ(𝑚)
)
𝑁
(
𝛾𝑜
SNR
)
𝑚𝑁
𝑛
+ 𝒪((
𝛾𝑜
SNR
)
𝑚𝑁
𝑛
+1
)        (24) 
From (24), we can extract the maximum achievable diversity 
order for the 𝑛*Rayleigh distribution as 𝑑 = 𝑚𝑁 𝑛⁄ . As it is 
expected that both S-AF and S-DF relaying schemes have the 
same diversity order over an 𝑛*Rayleigh fading channel. 
    Fig.5 compares the outage performance of the S-DF and S-
AF relaying schemes over 𝑛*Rayleigh fading channels (i.e., 
(17) versus (22)). Since the exact expression for the outage 
probability for the S-AF relaying scheme is very challenging 
to calculate because of (1), we used the Mont-Carlo simulation 
against the approximate expression (22). From Fig.5, there are 
key points could be extracted as follows:  
• There is an excellent agreement between the analytical 
results and Monte-Carlo simulation. This can clearly be 
noticed for the S-DF relaying scheme.  
• In comparison with the S-AF relaying scheme, the S-
DF relaying improves the outage performance at low 
and high average SNR.  
• The tightness between the two schemes is gradually 
improved for small 𝑛 values in the high-SNR regime, 
confirming our earlier observations that the maximum 
diversity order (𝑑) is the same in both schemes at high 
SNR values.  
The major findings summarized above are important when we 
need to estimate cascaded Rayleigh fading channels associated 
with the S-AF relaying schemes (where high noise generated 
around the relays, resulting in harsh keyhole channels between 
the source and destination). Therefore, choosing the best relay 
(with high SNR and a low cascading order, e.g., 𝑛 = 2) which 
provides low outage performance is challenging, especially 
when thinking of a high-mobility vehicle, where the impulse 
response of an 𝑛*Rayleigh channel changes rapidly during the 
symbol period (i.e., a fast-fading channel and a severe drop in 
SNR), resulting in the target localization problem.    
 
2. Power Allocation Optimization 
   In the context of inter-vehicular communication, optimizing 
the power among the source and the relays is critical to reduce 
the total transmit energy. In practice, the cascaded Rayleigh 
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channel coefficients (ℎ𝑖1, ℎ𝑖2) can be estimated and then used 
to detect the signal at the destination. Relay nodes that operate  
in the DF mode also require channel knowledge in the source-
relay link 𝑠 → 𝑟𝑖 to decode the source signal. For AF relaying, 
the knowledge of 𝑛*Rayleigh fading channels at the relay 
nodes is required for appropriately scaling the received signal 
to satisfy relay power constraints; therefore, the quality of the 
channel estimation process can generally affect the overall 
performance of cooperative transmission and may become a 
performance limiting factor for the IVC systems. In general, 
the fading channel coefficients can be acquired by either blind 
techniques or through the use of pilot symbols methods [35]. 
In practical terms, blind channel estimation techniques suffer 
from several disadvantages, such as the high computational 
complexity and slow convergence, which are prohibitive for 
high-mobility vehicle scenarios.  
   However, due to the complexity of power allocation (PA) 
for the S-AF relaying schemes as noted in (22), we analyze the 
optimal PA for the case of S-DF when only statistical 
CSI, (λ𝑖1, λ𝑖2), is available at the source and relays rather than 
instantaneous CSI. By doing so, we reduce the outage 
probability under the total power constraint of 𝑃1 + 𝑃2 ≤ 𝑃𝑇, 
where 𝑃1 is the radio transmit power of the source signal, 𝑃2 is 
the transmit power of the selected relay, and 𝑃𝑇 is the total 
transmit power. Here, in this scenario, we assume that all 
relays use the same transmit power 𝑃2; hence, based on (6) the 
optimization problem can be formulated as follows 
 
 min
𝑃1,𝑃2
∏[1−
Γ(𝑚𝑖1 , 𝛽𝑖1𝛾𝑜
1
𝑛𝑖1)Γ(𝑚𝑖2 , 𝛽𝑖2𝛾𝑜
1
𝑛𝑖2)
Γ(𝑚𝑖1)Γ(𝑚𝑖2)
]                      
𝑁
𝑖=1
 
        s. t.   𝑃1 +𝑃2 ≤ 𝑃𝑇 and    𝑃1, 𝑃2 ≥ 0                       (25) 
where ?̅?𝑖1 = λ𝑖1𝑃1 𝑁𝑜⁄ ,  ?̅?𝑖2 = λ𝑖2𝑃2 𝑁𝑜⁄ .  
   By applying the method of Lagrange multipliers, the PA for 
the source is derived as 
 
𝑃1 =∑
𝑃𝑜𝑢𝑡𝜇𝑖𝛽𝑖1
𝑚𝑖1𝛾𝑜
𝑚𝑖1
𝑛𝑖1 𝑒−𝛽𝑖1𝛾𝑜
1
𝑛𝑖1
𝑛𝑖1Γ(𝑚𝑖1)(1− 𝜇𝑖𝜔𝑖)𝜉
𝑖
                           (26) 
 
where  𝜔𝑖 =
Γ(𝑚𝑖2,𝛽𝑖2𝛾𝑜
1
𝑛𝑖2)
Γ(𝑚𝑖1)
,  𝜇𝑖 =
Γ(𝑚𝑖2,𝛽𝑖2𝛾𝑜
1
𝑛𝑖2)
Γ(𝑚𝑖2)
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A similar equation can be derived for the selected relay, 𝑃2.  
   Using (26) and setting 𝑃2 = 𝑃𝑇 −𝑃1, the approximate power 
allocation for 𝑃1 can be written in the following form  
 
𝑃1 = 𝑃𝑇 [
∑ 𝜔𝑖𝜃𝑖2𝛽𝑖2
𝑚𝑖2𝛾𝑜
𝑚𝑖2
𝑛𝑖2 𝑒−𝛽𝑖2𝛾𝑜
1
𝑛𝑖2
𝑖
∑ 𝜇𝑖𝜃𝑖1𝛽𝑖1
𝑚𝑖1𝛾𝑜
𝑚𝑖1
𝑛𝑖1 𝑒−𝛽𝑖1𝛾𝑜
1
𝑛𝑖1
𝑖
+ 1]
−1
                  (27) 
where  𝜃𝑖𝑗 = 1 𝑛𝑖𝑗Γ(𝑚𝑖𝑗)(1−𝜔𝑖𝜇𝑖)⁄ . It should be noted that (27) is 
a transcendental function and it is challenging to find a closed-
form for the source power. Thus, we calculate it numerically 
using a root-finding algorithm such as Bisection, Newton or 
successive numerical approximation methods.  
   At this stage, given the total power constraint, the source and 
the selected relay power can be set to an output  𝑃1 = 𝜌𝑃𝑇  and 
𝑃2 = (1 − 𝜌)𝑃𝑇, where  𝜌 is the PA ratio (𝜌 ∈ (0,1)), which is 
calculated from (27) through the successive approximation 
algorithms [36, section 14.1]. 
    Asymptotic Solution: a simple asymptotic solution for (27) 
can be determined by using the fact that 𝑥𝛼𝑒−𝑥 = Γ(𝛼 + 1, 𝑥) −
𝛼Γ(𝛼, 𝑥) [25], and by noting that Γ(𝛼 + 1, 𝑥) ≤ 𝛼Γ(𝛼), where 𝑥 
is sufficiently small. In this case, the optimization problem can 
be rewritten in a simple compact form as 
 
𝑃1 = 𝑃𝑇 [
∑ 𝑚𝑖2 𝑛𝑖2⁄𝑖
∑ 𝑚𝑖1 𝑛𝑖1⁄𝑖
+ 1]
−1
                               (28) 
 
From (28), it can be seen that the PA for the source depends 
on the fading severity parameters, regardless of the channel 
statistics (λ𝑖1, λ𝑖2). Physically speaking, when the source and 
the best relay’s power is high, the effect of path loss (i.e., λ𝑖𝑗 ∝
𝑑𝑖𝑗
−𝜎, where 𝑑𝑖1 represents the distance between the source and 
the relay, 𝑑𝑖2 is the distance between the relay and destination, 
and 𝜎 is the path loss exponent) is negligible, corresponding to 
the same scenario when the selected relay is located in the 
middle between the source and the destination, resulting in a 
similar path loss on both terminals.  
 
2.1. Machine Learning-based PA  
   In order to classify the fading severity parameter 𝑛 in IVC 
networks, we use a simple machine learning algorithm such as 
Naive Bayes; it’s a simple probabilistic classifier that requires  
 
     Class Label, 𝐶𝑖𝑗
𝑛 
 
 
ℎ𝑖𝑗,1 = 0.12 
 
 
ℎ𝑖𝑗,2 = 0.24 
 
 
ℎ𝑖𝑗,3 = 0.54 
 
 
ℎ𝑖𝑗,4 = 0.78 
 
 
ℎ𝑖𝑗,5 = 1.0 
 
 
 
ℎ𝑖𝑗,6 = 1.23 
𝑛𝑖𝑗 𝜎𝑖𝑗
2  
1 0.50 0.238 0.449 0.813 0.855 0.746 0.538 
2 0.25 0.756 0.923 0.813 0.619 0.478 0.319 
3 0.125 1.289 1.167 0.703 0.467 0.238 0.229 
4 0.063 1.662 1.167 0.595 0.375 0.249 0.212 
5 0.031 1.883 1.167 0.507 0.298 0.201 0.135 
6 0.016 1.957 1.092 0.424 0.241 0.159 0.112 
Table I 
A set of labelled training data is used to estimate the 𝑛*Rayleigh distribution, where 𝜎𝑖𝑗
2 = 2−𝑛𝑖𝑗. Monte-Carlo 
        simulation is performed at 𝐾 = 106 samples. The table shows some estimated samples of the empirical PDFs. 
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Fig.7. Outage performance of the S-DF-relaying scheme over Rayleigh and 
n*Rayleigh fading channels in term of the distance between the source and the 
selected relay. 
 
only a small number of training data 𝐾 to estimate the required 
parameters for classification. Therefore, for each of 𝑛 possible 
classes 𝐶𝑖𝑗
𝑛, we need to calculate the conditional probability of 
Pr(𝐶𝑖𝑗
𝑛|ℎ𝑖𝑗,1 , . . , ℎ𝑖𝑗,𝐾) ∝ Pr(𝐶𝑖𝑗
𝑛)∏ Pr(ℎ𝑖𝑗,𝑡|𝐶𝑖𝑗
𝑛)𝐾𝑡=1 , where we make 
the assumption that ℎ𝑖𝑗,1 through ℎ𝑖𝑗,𝐾 are conditionally 
independent given a class label 𝐶𝑖𝑗
𝑛. Now using the maximum a 
posteriori (MAP) estimation, the Bayes classifier assigns a 
class label 𝐶𝑖𝑗
𝑛 for each 𝑛*Rayleigh fading channel ℎ𝑖𝑗 , as    
 
 ?̂?𝑖𝑗
𝑛 = argmax
𝑛𝑖𝑗,𝜎𝑖𝑗
2
Pr(𝐶𝑖𝑗
𝑛)∏Pr(ℎ𝑖𝑗,𝑡|𝐶𝑖𝑗
𝑛)                        (29)
𝐾
𝑡=1
 
where Pr(𝐶𝑖𝑗
𝑛) is the prior probability of the class variable 𝐶𝑖𝑗
𝑛 , 
which can be identified through real-time data measurements 
for 𝑛*Rayleigh channels [11]. The probability density of the 
𝑛*Rayleigh distribution given a class 𝐶𝑖𝑗
𝑛 , is computed by  
 
    Pr(ℎ𝑖𝑗 = ℎ|𝐶𝑖𝑗
𝑛) = 2 (
𝑚𝑖𝑗
Ω𝑖𝑗
)
𝑚𝑖𝑗 ℎ
2𝛼𝑖𝑗−1
𝑛𝑖𝑗Γ(𝑚𝑖𝑗)𝜎𝑖𝑗
2𝛼𝑖𝑗
𝑒−𝛽𝑖𝑗ℎ
2
𝑛𝑖𝑗
         (30) 
where 𝛼𝑖𝑗 =
𝑚𝑖𝑗
𝑛𝑖𝑗
, 𝛽𝑖𝑗 =
𝑚𝑖𝑗
Ω𝑖𝑗
𝜎
𝑖𝑗
−2/𝑛𝑖𝑗. The maximum likelihood (ML)2 
estimator for the parameter 𝜎𝑖𝑗
2  is given by   
 
𝜎𝑖𝑗
2 = [
∑ ℎ
𝑡
2/𝑛𝑖𝑗𝐾
𝑡=1
2𝐾Γ𝑛𝑖𝑗(1 𝑛𝑖𝑗⁄ + 1)
]
𝑛𝑖𝑗
                              (31) 
 
Therefore, if we suppose that the training fading data listed in 
Table I (where 𝐾 experimental samples need to be collected 
from different environments (e.g., large cities, small cities, and 
highways [11, 16, 37]) contains a continuous attribute ℎ, then 
the probability distribution of ℎ given a class 𝐶𝑖𝑗
𝑛, is calculated 
by (30), which in turn makes the Bayes classifier of (29) to 
assign a class label for the variable ℎ (where we can localize 
the best relay associated with the lowest cascading order 𝑛,  
 
 
  2 We use the maximum likelihood method in finding the parameters 𝜎𝑖𝑗
2  that 
maximize the likelihood of the observed data set, ℎ𝑖𝑗, and make the Naïve 
Bayes model fits the 𝑛*Rayleigh distribution (30).   
 
Fig.8. Traffic scenario in Montreal that includes a grid road topology (e.g., map of the 
3.16 km x 3.16 km area) with urban highways and bidirectional roads, where the  source 
is picked randomly and his message is sent to a set of relays (i.e., candidate vehicles) and 
the destination. Here, the S-DF relaying policy is applied to choose the most reliable path 
𝑠 → 𝑟𝑖 → 𝑑 over n*Rayleigh fading channels and forward the source message to the 
destination.  
 
Table II 
 Simulation Parameters 
 
 
e.g., 𝐶𝑖𝑗
𝑛 for 𝑛 = 1, 2) and perform an efficient PA scheme for 
the source-𝑃1 and selected relay-𝑃2 that can reduce the outage 
probability. In Fig.6, we evaluate the impact of the S-DF relay 
systems (PA mode-based) on the cascaded Rayleigh fading 
channels. In this example, two main modes of transmission are 
compared: the PA mode under statistical CSI, and the equal 
power allocation (EPA) where the total transmitted power 𝑃𝑇 
is divided equally between the source and the selected relay 
(i.e, 𝑃1 = 𝑃2 = 𝑃𝑇/2). We assume that the channel quality 
between the selected relay and the destination is much better 
than that between the source and the selected relay (e.g., λ1 =
1 and λ2 = 10). As observed from the figure, the PA mode has 
an advantage over the EPA mode by reducing the outage 
probability. This is mainly because the PA mode devotes 
larger power to the weaker link to reduce the overall outage 
probability. In this case, the PA ratio 𝜌 = 𝑃1 𝑃𝑇⁄  is evaluated 
from (27) using the successive approximation algorithm,  
Parameter Value 
Data rate 2Mbps (UDP) 
Packet generation rate  10 – 60 packets/second 
Packet size  512 byte 
Transmission power  20 mW 
Sensitivity  -89 dBm 
Duration of a time slot 13 μs 
Transmission range 250 m 
Beacon rate 1 Hz 
Speeds 30 and 80 km/h 
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which yields 𝜌 = 0.757, 0.629, 0.534 and 0.462 for 𝑛 = 1, 2, 3 
and 4 respectively. It should be noted here that the PA ratio 
converges to 0.5 when 𝑛 increases, which means that the EPA 
policy is near-optimal for 𝑛 ≥  3. In this case, we can use 
EPA instead of PA to get a lower outage probability.  
   Since the distance between the transmitter and the receiver is 
another important factor for keyhole channels, we investigate 
the EPA mode in terms of distance. Hence, we can redefine 
the instantaneous SNR as ?̅?𝑖1 = 𝑑𝑖1
−𝜎 𝑃1 No⁄ , ?̅?𝑖2 = 𝑑𝑖2
−𝜎 𝑃2 No⁄ . 
Fig.7 shows the outage probability (based on (6)) versus 
distance between the source and the selected relay, 𝑑1 = 1 −
𝑑2, with SNR = 20 dB and a path loss exponent of 𝜎 = 3 (this 
could describe, for example, an urban scenario). As is obvious 
from the figure, the outage probability increases when the 
distance between the source and the selected relay 𝑑1 increases 
for both Rayleigh and n*Rayleigh fading channels, but the 
degree of concavity of the curves is gradually decreased by 
increasing the value of 𝑛. Furthermore, Fig.7 shows that the 
minimum outage probability occurs at distance 𝑑1 = 0.5. This 
is indeed expected because the system performance is limited 
to the channel quality over the source to relay links. 
V. EXPERIMENTAL PERFORMANCE EVALUATION  
   In this section, we provide experimental and simulation 
results to show the average end-to-end delay and optimal relay 
selection time. We test the packet delivery ratio and outage 
probability for the considered scenario and use the network 
simulator 2 (NS-2) and simulation of urban mobility (SUMO) 
to simulate vehicular ad hoc networks (VANET). To make the 
evaluation realistic, we run a simulation using a map of 
Montreal which has a grid road topology with urban highways 
and bidirectional roads (e.g., map of the 3.16 km x 3.16 km 
area; see Fig.8 and simulation parameters given in Table II). 
We set the speed of vehicles between 30 and 80 Km/h, which 
is common for the city environment. The road topology is 
obtained using OpenStreetMap and is filtered, formatted, and 
converted into a SUMO network file. Using SUMO, vehicular 
mobility traces are generated and used to populate the chosen 
simulated area (e.g., urban scenarios), where local scattering 
objects (e.g., buildings, road signs, bridges, street corners,  
 
trees, bridges, hallways, etc) are considered. In our simulation, 
we chose a moderately sparse network to have a moderate 
simulation processing time (e.g., we simulate 600 vehicles per 
10 km², i.e., the vehicle density is 60 veh/km² with a radio 
range of 250 m), where each vehicle is equipped by a 
dedicated short-range communication (DSRC) transceiver to 
enable V2V communication. During simulation, in order to 
evaluate the efficiency of selected relay nodes, each vehicle 
sends packets using a user datagram protocol (UDP). Also, in 
this scenario, we implement both relay selection strategies; the 
S-DF and S-AF schemes over the n*Rayleigh distribution. 
Note that 600 vehicles are the number of vehicles simulated in 
the selected urban area and not the candidate vehicles (relays) 
used in our relay selection algorithms. In this setting, we 
generally seek to evaluate two things: 1) the performance of S-
DF schemes over different metrics (outage probability and 
packet delivery ratio) and compare the simulation results with 
the analytical results. 2) examine the processing time needed 
to select the optimal relay based on the training data of 
machine learning-based PA algorithms (where Monte-Carlo 
simulation is performed at 𝐾 = 1010 samples).      
   In Fig.9, we evaluate the S-DF scheme over the PA and EPA 
modes in terms of packet delivery ratio and 𝑃𝑜𝑢𝑡 . In Fig. 9 (a) 
and (b), we observe that PA outperforms EPA in terms of 
packet delivery ratio over different distances and packet 
generation rates via n*Rayleigh fading channels (e.g., 𝑛 =
1, 2, 3, 4), where not only the optimal channel is selected but 
also the optimal relay of each selected channel, even if the 
distance between the source and the destination increases. 
Also, we can show that the PA mode gives stable delivery 
ratio of packets around 85 % and 95 % compared with the 
EPA mode where the ratio is around 50 % only. In Fig. 9 (c), 
we show the outage probability of S-DF schemes and compare 
with direct transmission scenarios over n*Rayleigh fading   
channels (where the S-DF scheme can offer large power or 
energy savings compared to direct transmission [38]). We 
observe that when the distance between the source and the 
destination increases, the outage probability increases, and 
when the number of relays increases, 𝑃𝑜𝑢𝑡  is reduced. This 
finding confirms our analytic results of the effect of PA  
                
                      
 
(a)                                                                         (b)                                                                            (c) 
 
Fig. 9. Evaluation of the S-DF scheme in terms of packet delivery ratio and 𝑃𝑜𝑢𝑡 (where both PA and EPA modes are implemented over 
n*Rayleigh fading channels (e.g., 𝑛 = 1, 2, 3, 4)) 
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algorithms on the outage probability of S-DF schemes.  
    In Fig.10 (a), we provide the processing time (convergence 
time) for the S-DF relay method with PA at traffic volume 150  
veh/km², where we fix the candidate vehicles (relays) 𝑁 to 4 
and Monte-Carlo simulation is performed at 𝐾 = 104 samples. 
Here, we can define the processing time of the proposed relay 
selection algorithm as the time to select the optimal relay 
between the candidate nodes that are in the radio range of the 
source node. The number of candidate nodes varies depending 
on vehicles density and radio range (e.g., between 0 to 150 
veh/km² for a radio range of 250 m and 60 veh/km² on 
average). Although the S-DF relay algorithm works well at 
low cascading orders 𝑛 ≤ 3, it should be noted that there are 
some limitations associated with the algorithm at the 
cascading order of 𝑛 = 4. By increasing the cascading order n, 
the processing time of the S-DF relay algorithm becomes 
larger as the number of vehicles (between the source and 
destination) increases and the search for the optimal relay is 
longer than the case of 𝑛 = 1, 2, and 3, which requires 
designing an advanced relay selection algorithm that can 
overcome these constraints and improve the performance of 
the proposed algorithm.  
    To take a closer look at the performance of S-DF relaying 
scheme, we compare the proposed S-DF method with other 
relay selection methods (such as S-AF) as shown in Fig. 10 
(b). We observe that the S-DF scheme outperforms the S-AF 
scheme in terms of convergence time to select the best relay 
through n*Rayleigh fading channels. Given that the simulation 
was performed on a computer with a Corei7 CPU and 8GB 
RAM, and that this type of wireless physical layer algorithms 
is typically performed on an ASIC baseband processor, the 
processing delay can be reduced by a factor of 10 to 100 
compared to general purpose processors (CPUs) [39], [40]. 
Hence, based on our results shown in Fig. 9 and Table III, the 
delay can be reduced by at least a factor of 10 using ASIC, so 
that the processing delay for 60 vehicles is less than 50 ms for   
 
 
𝑛 = 1 , 75 ms for 𝑛 = 2, 125 ms for 𝑛 = 3, and 180 ms for 
𝑛 = 4.  
TABLE III 
    Convergence time for both S-AF and S-DF schemes (where processing time 
is measured in seconds) 
 
VI.  CONCLUSION 
   In this work, we presented a comprehensive performance 
analysis for the selective DF and AF relaying schemes over 
𝑛*Rayleigh fading channels. The outage probability and 
diversity order have been analyzed for the considered 
schemes. Our analysis and simulation results have shown that 
the relay selection technique achieves a maximum diversity 
order of 𝑚𝑁/𝑛, which can be considered valuable guidelines 
for engineers working on the design of measurement devices 
for cascaded Rayleigh fading channels. In other words, the 
dynamic range of the received signal affected by 𝑛*Rayleigh 
fading channels can calibrate the static and dynamic 
characteristics of measuring instruments (for example, for 
slow and fast time-varying channels). The higher the dynamic 
range of the instrument, the better its achievable performance 
will be. In general, our statistical analysis showed that 
machine learning plays a key role in selecting the best relay 
                         
                  
 
 
                                                                                                                                                                                    
 
 
 
 
 
 
 
 
 
 
 
                                     
 
 
 
 
 
(a)                                                                                                                           (b) 
 
Fig. 10. (a): Convergence time of the S-DF relay algorithm over 𝑛*Rayleigh fading channels. (b) Comparison of convergence time of the S-AF and the S-DF 
relaying schemes over 𝑛*Rayleigh fading channels (where traffic volume is 150 veh/km² and candidate vehicles (relays), 𝑁 = 4). 
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and allocating energy. The results confirm that transmit power 
allocation optimization is required for IVC systems when the 
cascading order 𝑛 ≤  2. Plus, the time required to find the 
optimal relay is greatly reduced when the cascading order n  
decreases. Of course, this study will help automakers deploy a 
dynamic IVC network that can significantly improve safety 
and operational efficiency. 
REFERENCES 
[1] A. Zajic and G. Stuber, “A new simulation model for mobile-to-mobile 
Rayleigh fading channels,” in Proc. IEEE Wireless Commun. Netw. 
Conf., vol. 3, pp. 1266-1270, Las Vegas, NV, Apr. 2006. 
[2] I. Z. Kovacs, “Radio channel characterisation for private mobile radio 
systems: Mobile-to-mobile radio link investigations,” Ph.D.dissertation,  
Aalborg Univ., Aalborg, Denmark, Sep. 2002. 
[3] J. B. Andersen and I. Z. Kovács, “Power distributions revisited,”  
presented at the COST273 3rd Management Committee Meeting, 
Guildford, U.K., Jan. 17–18, 2002.  
[4]  C. S. Patel, “Wireless channel modeling, simulation and estimation," 
Ph.D. thesis, Georgia Institute of Technology, May 2006. 
[5] J.Salo, “Statistical analysis of the wireless propagation channel and its 
mutual information”, Doctoral thesis, Helsinki University of 
Technology, Espoo, Finland, Jul.2006. 
[6]  Y. Alghorani, G. Kaddoum, S. Muhaidat, S. Pierre and N. Al-Dhahir, 
"On the Performance of Multihop-Intervehicular Communications 
Systems Over n*Rayleigh Fading Channels," IEEE Wireless Commun 
Letters, vol. 5, no. 2, pp. 116-119, April 2016.  
[7] C. S. Patel, G. L. St¨uber, and T. G. Pratt, “Statistical properties of 
amplify and forward relay fading channels,” IEEE Trans. Veh. Technol., 
vol. 55, no. 1, pp. 1–9, Jan. 2006. 
[8] D. Chizhik, G. Foschini, M. Gans, and R. Valenzuela, “Keyholes, 
correlations and capacities of multielement transmit and receive 
antennas,” IEEE Trans. Wireless Commun., vol. 1, pp. 361–368, Apr. 
2002. 
[9] J. Salo, H. E. Sallabi, and P. Vainikainen, “The distribution of the 
product of independent Rayleigh random variables,” IEEE Trans. 
Antennas Propagat., vol. 54, no. 2, pp. 639–643, Feb. 2006. 
[10] H. Lu, Y. Chen, and N. Cao, “Accurate approximation to the PDF of the 
product of independent Rayleigh random variables,” IEEE Antennas 
Wireless Propag. Lett., vol. 10, pp. 1019–1022, Oct. 2011. 
[11] D. W. Matolak and J. Frolik, “Worse-than-Rayleigh fading:             
Experimental results and theoretical models,” IEEE Commun. Mag., vol 
. 49, no. 4, pp. 140-146, Apr. 2011. 
[12] M. Patzold, B. O Hogstad, and N. Youssef, “Modeling, analysis, and 
simulation of MIMO mobile-to-mobile fading channels,” IEEE Trans. 
         Wireless Commun., vol. 7, no. 2, pp. 510-520, Feb. 2008. 
[13] K. Guan et al., "5-GHz Obstructed Vehicle-to-Vehicle Channel 
Characterization for Internet of Intelligent Vehicles," in IEEE Internet of 
Things Journal, vol. 6, no. 1, pp. 100-110, Feb. 2019. 
[14] D. W. Matolak, "Channel Modeling for Vehicle-To-Vehicle 
Communications," in IEEE Communications Magazine, vol. 46, no. 5, 
pp. 76-83, May 2008. 
[15] H. Jiang, Z. Zhang, L. Wu, J. Dang and G. Gui, "A 3-D Non-Stationary 
Wideband Geometry-Based Channel Model for MIMO Vehicle-to-
Vehicle Communications in Tunnel Environments," in IEEE 
Transactions on Vehicular Technology, vol. 68, no. 7, pp. 6257-6271, 
July 2019. 
[16] Q. Wu, D. W. Matolak, and I. Sen, “5-GHz-band vehicle-to-vehicle 
channels: models for multiple values of channel bandwidth,” IEEE 
Trans. Veh. Technol., vol. 59, no. 5, pp. 2620– 2625, June. 2010. 
[17] Y. Alghorani and M. Seyfi, “On the performance of reduced-complexity 
transmit/receive-diversity systems over MIMO-V2V channel model,” 
IEEE Wireless Commun. Lett., vol. 6, no. 2, pp. 214–217, April 2017. 
[18] G. Alfano, C. Chiasserini, A. Nordio and S. Zhou, "Information-
Theoretic Characterization of MIMO Systems with Multiple Rayleigh 
Scattering," in IEEE Transactions on Information Theory, vol. 64, no. 7, 
pp. 5312-5325, July 2018. 
 
 
 
 
[19] Y. Alghorani, G. Kaddoum, S. Muhaidat, and S. Pierre, “On the 
approximate analysis of energy detection over n* Rayleigh fading 
channels through cooperative spectrum sensing,” IEEE Wireless 
Commun. Lett., vol. 4, no. 4, pp. 413–416, Aug. 2015. 
[20] E. Li, X. Wang, Z. Wu, S. Hao and Y. Dong, "Outage Analysis of 
Decode-and-Forward Two-Way Relay Selection With Different Coding 
and Decoding Schemes," in IEEE Systems Journal, vol. 13, no. 1, pp. 
125-136, March 2019. 
[21] T. Mekkawy, R. Yao, N. Qi and Y. Lu, "Secure Relay Selection for Two 
Way Amplify-and-Forward Untrusted Relaying Networks," in IEEE 
Transactions on Vehicular Technology, vol. 67, no. 12, pp. 11979-
11987, Dec. 2018. 
[22] Q. N. Le, V. N. Q. Bao and B. An, "Full-duplex distributed switch-and-
stay energy harvesting selection relaying networks with imperfect CSI: 
Design and outage analysis," in Journal of Communications and 
Networks, vol. 20, no. 1, pp. 29-46, Feb. 2018. 
[23] T. T. Duy, G. C. Alexandropoulos, V. T. Tung, V. N. Son and T. Q. 
Duong, "Outage performance of cognitive cooperative networks with 
relay selection over double-Rayleigh fading channels," in IET 
Communications, vol. 10, no. 1, pp. 57-64, 4 1 2016. 
[24] Seyfi, M., Muhaidat, S, Jie Liang, and Uysal, M., "Relay Selection in 
Dual- Hop Vehicular Networks," IEEE Signal Processing Letters, 
vol.18, no.2, pp.134,137, Feb. 2011. 
[25] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series and Prod 
Ucts, 7th ed. New York: Elsevier, 2007. 
[26] R. B. Bapat and M. I. Beg, "Order Statistics for Nonidentically 
Distributed Variables and Permanents," Sankhya, vol 51, no.1, pp. 79-
93, Feb. 1989. 
[27] N. C. Beaulieu and J. Hu, “A closed-form expression for the outage 
probability of decode-and-forward relaying in dissimilar rayleigh fading 
channels,” IEEE Commun. Lett., vol. 10, no. 12, pp. 813–815, Dec.2006. 
[28] M. K. Simon and M.-S. Alouini, Digital Communication Over Fading 
Channels, 2nd ed. New York: Wiley, 2004. 
[29] M. Hasna and M.-S. Alouini, “Harmonic mean and end-to-end 
performance of transmission systems with relays,” IEEE Trans. 
Commun.,vol. 52, no. 1, pp. 130–135, Jan. 2004. 
[30] M. D. Springer, The Algebra of Random Variables. New York: Wiley, 
1979. 
[31] A. Papoulis, Probability, Random Variables, and Stochastic Processes, 
3rd ed. New York: McGraw-Hill, 1991. 
[32] The Wolfram functions site. [Online]: http://functions.wolfram.com/ 
[33] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions 
With Formlas, Graphs, and Mathematical Tables, 9th ed. New York: 
Dover, 1970. 
[34] R. U. Nabar, H. Bolcskei, and F. W. Kneubuhler, “Fading relay 
channels: Performance limits and space-time signal design,” IEEE J. Sel. 
Areas Commun., vol. 22, no. 6, pp. 1099–1109, Aug. 2004. 
[35] F. Dietrich and W. Utschick, “Pilot-Assisted Channel Estimation Based 
on Second-Order Statistics”, IEEE Trans. Signal Process, vol. 53, no. 3, 
p. 1178- 1193, March 2005. 
[36] T. K. Moon and W. C. Stirling, Mathematical Methods and Algorithms 
for Signal Processing. Upper Saddle River, New Jersey: Prentice Hall 
Publishers, 2000. 
[37] I. Sen and D. W. Matolak, “Vehicle-Vehicle Channel Models for the 5 
GHz Band,” IEEE Trans. Intelligent Transportation Sys., vol. 9, no. 2, 
pp. 235–45, June 2008.  
[38] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity 
in wireless networks: Efficient protocols and outage behavior,” IEEE 
Trans. Inform. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004. 
[39] A. Gatherer, H. Zhu, and M. Erez, ‘’Baseband architectures to support 
wireless cellular infrastructure History and future evolution’’, Academic 
Press Library in Mobile and Wireless Communications, Chapter 18, pp. 
689-705, Elsevier, 2016.  
[40] R. Hameed et al., “Understanding sources of inefficiency in general 
purpose chips,” in Proc. ISCA, pp. 37–47, June. 2010.  
 
 
      
 
